Seeds of Dixie crimson clover (Trifolium incarnatum cv. Dixie) completed germination in 36 hours at 20 C. At 10 C germination was delayed by 24 hours. At 30 C only 20% germinated and the rest remained viable for a long time but not germinable. Different patterns of adenylate energy state and zymograms of acid phosphatase and esterase were observed from seeds grown under the three temperatures for 24 hours. Varied specific activities of protease, a-amylase, ATPase, RNase, acid phosphatase, glutamine synthetase, and fumarase were also found. Protein-synthesizing ability was proportional to temperature. These data indicate that temperature regulates seed germination at multiple sites.
The regulatory effect of temperature on seed germination is well known, but the mechanism of regulation has not been explored in detail (15) . Phytochrome, particularly Pfr decay, is temperature-dependent in various seeds and the resultant quantity of Pfr controls germination (11, 16, 28) . Ethylene biosynthesis appears to be temperature-controlled, and reduced ethylene production at supraoptimal temperature inhibits germination (18) . Additional unknown factors are also involved in the temperature regulation of seed germination (4, 16) .
Nondormant crimson clover seeds were used to discern the effects of suboptimal (10 C), optimal (20 C), and supraoptimal (30 C removed to eliminate variation. Germination was conducted on two replications of 100 seeds for each lot in four layers of Whatman No. 1 filter paper (11 X 11 cm) moistened with 10 ml of distilled H20 in a plastic sandwich box at 10, 20, and 30 C with about 200 lux light for 16 hr daily. Water uptake was determined periodically on 100 seeds of each lot by drying at 100 C for 24 hr.
The content of ATP, ADP, and AMP in seeds or seedlings was analyzed from a boiling buffer (HEPES-Mg acetate, 0.05 M, pH 7.75) extract of the seeds (6, 7). The claimed 50% increase of ATP and ADP by 1 min of boiling in buffer and grinding over 10 min in boiling water extraction (13) was not realized with the seed material. Instead, a range of -35 to +28% differences in ATP and ADP was observed between the two extraction methods. Total nucleotides were increased an average of 12% by grinding after boiling; a 5-min boiling and 1-min grinding were applied in this study. Energy charge ratio was calculated according to Atkinson For enzyme activity determination, seeds were germinated at the designated temperature for 24 hr and extracted at 0 to 3C. Two replications of 10 seeds each for each lot were ground in 2 ml of 50 mm tris-acetate buffer (pH 7.5) containing 5 mm Mg2+ with a mortar and pestle, diluted with 2 ml of buffer, and transferred to a polyethylene tube. The mortar and pestle were washed twice with 3 ml of buffer, and the wash was combined with the original slurry. The tube was centrifuged at 15,000g for 10 min, and the supernatant was used as the enzyme preparation. Protein content of the enzyme preparation was determined by the Lowry method (14) in an aliquot precipitated by trichloroacetic acid. Protease was assayed in a 0.5-ml enzyme preparation with 1 ml of 0.1 M acetate buffer (pH 5) and incubated at 30 C for 10 min.
After incubation, 5 ml of ice cold 10% trichloroacetic were added to precipitate protein which was analyzed by the Lowry method (14) . The difference of protein content after incubation between boiled (10 min) and not boiled enzyme preparations was calculated as the protease activity on endogenous protein. This assay procedure was adapted because the hydrolysis rate of exogenous substrates was much slower than the endogenous substrate. a-Amylase assay followed the method of Mitchell (17) by incubating a 0.5-ml enzyme preparation at 30 C for 2 min. ATPase was assayed in 0.1 ml of enzyme preparation incubated in 1 ml of 0.1 M tris-HCl buffer (pH 7.5) with 2 ,moles of ATP at 30 C for 15 min. The resulting Pi was analyzed according to Sedden and Fynn (29) . RNase assay followed the procedure of deDuve et al.
(9) by using 50 Al of enzyme preparation and incubating at 30 C for 10 min. Acid phosphatase was assayed by the method of deLeo and Scher (10) using 50 ,l of enzyme preparation and incubating at 30 C for 10 min. Glutamine synthetase was assayed as glutamyl hydroxamate in 0.5 ml of enzyme preparation incubated at 35 C for 10 min (20) . Fumarase was assayed in 0.2 ml of enzyme preparation at 22 C for 2 min (23) .
Disc electrophoresis of soluble proteins extracted from seeds germinated at the three temperatures was conducted according to Davis (8) on 7% acrylamide gel and stained with amido black. Acid phosphatase and esterase were stained by the method of Scandalios (26) .
RESULTS AND DISCUSSION
The time courses of germination at the three temperatures are shown in Figure 1 . Seeds grown at 20 C completed their maximum germinability in 36 hr; at 10 C the completion of germination was delayed 24 hr, and at 30 C only 22 % of the seeds germinated after 6 days. Seeds nongerminable at 30 C readily germinated at 20 C and reached maximum germination within 1 day. The thermodormancy is clearly induced in seeds grown at 30 C (18). A similar response to the three temperatures was observed in Agrostemma seeds, except there was no germination at 30 C for 5 days (3). The rate of water uptake is summarized in Figure 2 , and a positive correlation with temperature is shown. After 24 hr of germination, the water content was not different at the three temperatures.
Because biological energy in the form of ATP is limiting in the dry seeds and the synthesis of ATP commences very early and remains high under germination conditions for biosynthetic needs (5, 19) , the change in potential energy compounds (ATP, ADP, and AMP) was determined in seeds grown at the three temperatures for the first 24 hr. The reason for choosing the first 24-hr period was because it might enlighten the causes of the temperature effect on the three distinct phases of metabolism in germinating seeds (5) prior to the full expression of germination. The energy charge in dry seeds was 0.46 and it increased rapidly upon wetting (Fig. 3) . The change in EC2 of seeds grown at 10 C reached a peak of 0.92 at 12 hr of germination and then declined to 0.75 at 24 hr. Regardless of the high EC after hydration in these seeds, germination was not observed at this temperature until much later (Fig. 1) . This result is different from maple seeds which germinated in response to GA and kinetin at an EC higher than 0.8 at low temperature (30) . At 20 C, the EC increased rapidly to a peak of 0.87 at 6 hr of germination, then maintained the level until 16 hr of germination, at which time a slight elevation was observed. A decrease was seen after 20 hr of germination when the radicles of most seeds were emerging. Radicle emergence is an energy-requiring process as in pine seeds (23 (Table I) in seeds germinated at 30 C indicates such a possibility. The activity of these enzymes, with the exception of protease, was also reduced in seeds germinated at 10 C. At that temperature, the EC was maintained high in fully hydrated seeds; therefore, EC may not be the sole modulator of biosynthesis. This is further supported by the observation that high EC in seeds grown at 10 C did not stimulate protein synthesis (Table I) . In this case, the low temperature probably limits the '5 rate even though EC was sufficient. The same kind of reasoning may be applied to seeds grown at 30 C. The rate of new protein synthesis and turnover of existing proteins was apparently increased more by the high temperature than the reduction due to lower EC. In a finite duration of time, the total incorporation of UL-14C-amino acids, therefore, was more at 30 C than at 20 C or 10 C (Table I ). Identical patterns of NaH'4CO3 incorporation by Agrostemma seeds germinated at the three temperatures were also observed even though the seeds grown at 30 C were completely thermodormant, activated at 10 C, and germinated at 20 C (22). Incorporation of Na2H32PO4 by the embryo of Agrostemma seeds, however, was proportional to germination readiness (2) .
Data in Figure 4 further depict the changes in ATP, ADP, AMP, and total adenosine phosphates in seeds grown at the three temperatures. The rate of initial increase correlated with temperature and water uptake (Fig. 1) indicating that the reactivation of pre-existing enzymes and organelles is temperature and hydration-dependent (5, 6). The peak of AMP content occurred after 1 hr of germination at 30 C, 2 hr at 20 C, and 4 hr at 10 C with comparable quantity per seed. These findings indicate that the rate and quantity of AMP synthesis and utilization is temperature-dependent. The pool of ADP peaked at about the same 4 hr of germination but with different sizes: about 350 pmoles per seed at 10 C, 500 at 20 C, and 750 at 30 C. These observations mean that either the utilization of ADP was inversely proportional to temperature or the production of ADP via synthesis from AMP and dephosphorylation of ATP was positively correlated with temperature. After the first peaks were reached, oscillation of both AMP and ADP was apparent but are difficult to explain. A Sigmoid increase of the ATP pool was observed at 10 C, indicating a relative lack of ATP utilization. The rapid increase of ATP for the first 6 hr at 30 C denotes a much slower rate of utilization compared to the rapid phosphorylation at this high temperature. A rapid decline of ATP after the peak was reached probably relates to the excessive utilization of energy for various biosynthesis and turnover at the high temperature. The low ATP content and EC maintained in nongerminable seeds at 30 C for 5 days of the experimental period. The possibility of ATP degradation by high temperature-induced soluble ATPase could be ruled out by its low specific activity at 30 C (Table I) At 20 nation age, indicating the differences in synthesis and utilization under optimal temperature conditions. These changes had also been observed in germinating wheat (7) .
The high temperature significantly reduced the specific activity of protease, a-amylase, ATPase, acid phosphatase, glutamine synthetase, and fumarase, when compared to those in seeds germinated at 20 C (Table I ). The reduction may be the result of the low EC and the smaller ATP pool after 12 to 24 hr of germination. Thermal inactivation of protease and amylases have also been reported in peas (24) . At 10 C, only acid phosphatase, glutamine synthetase, and fumarase were reduced, indicating that only anabolic synthesis was slowed down by the low temperature. The results of protein synthesis (Table I) are consistent with such a slowdown. Therefore, temperature has different effects on the synthesis of various enzymes. The difference probably is not mediated through the degradation of RNAs as the RNase activity was comparable at the three temperatures. Reduced acid phosphatase and glutamine synthetase were also found in Agrostemma seeds at 10 and 30 C compared to 20 C (3).
Temperature may also influence the kind of proteins and isozymes synthesized in organisms of the same species. The data in Figure 5 indicate the possibility of protein-banding patterns (right) and the possibility that isozymes of acid phosphatase (left) and esterase (center) were different at the three temperatures. Temperature-induced isozymes have been reported (21) and enzyme subunits association and dissociation are known to occur at different temperatures (25) . Probably the proper combination of different enzymes with correct configuration lead to germination and optimal growth when substrates, coenzymes, cofactors, and energy are not limiting. This concept has already been formulated and well illustrated (27) .
Based on the experimental results and other reports (12) , it is clear that temperature regulation of germination is a complex phenomenon, with varied energy metabolism, different rates and kinds of protein and enzyme synthesis, resulting in coordinated or uncoordinated developmental patterns that lead to germination or nongerminability.
